© Versita Sp. z o.o. 
Introduction
Disinfectants are chemical compounds regarded as water pollutants. Due to their use as components in many household products, a considerable amount of these compounds enters surface waters through urban sewage. It is then necessary to monitor the concentration of these substances in surface and drinking waters. Some of the most common disinfectants occurring in water environment are triclosan, chloramine-T, 4-chloro-3-methylphenol and 2-mercaptobenzothiazole. Triclosan is used as an ingredient in personal hygiene and household products such as soaps, antibacterial hand gels, toothpaste, mouthwash, deodorants, detergents and disinfecting lotions. Chloramine-T is used to disinfect surfaces and instruments in medicine, veterinary and food industry, as well as for water treatment. 4-chloro-3-methylphenol is an active component of disinfectant liquids, whereas 2-mercaptobenzothiazole is used as an antifungal agent.
Determination of disinfectants is usually performed by chromatographic methods, such as high performance liquid chromatography or gas chromatography. Electrochemical methods for determination of a single disinfectant have been also developed. These methods are sensitive, relatively fast and less expensive than chromatographic ones. Electrochemical oxidation of triclosan was studied using glassy carbon and diamond electrodes after microwave activation [1] and with modification of various electrodes, such as tin-doped indium oxide-coated glass electrode covered with carbon nanoparticle-poly(diallyldimethylamonium chloride) film [2], glassy carbon electrode coated with cellulose or cellulose-poly(diallyldimethylamonium chloride) [3] , and pyrolytic graphite or glassy carbon electrode with immobilized tosyl-functionalized carbon nanoparticles [4] . Electrochemical reduction of triclosan was studied at glassy carbon electrode in dimethylformamide containing tetra-n-butylammonium tetrafluoroborate [5] . Amperometric sensor made of molecularly imprinted polymer electropolymerized at glassy carbon electrode was also used for detection of triclosan [6] . This compound was determined in toothpaste, mouthrinse, liquid soap and wastewater samples [7, 8] . Its determination in cosmetics was performed at glassy carbon electrode in the presence of a hydrotrope, which releases the analyte from matrices containing surfactants [9] . Electrochemical behavior of other phenolic compounds was also studied. 4-chloro-3-methylphenol was determined in fungicides and in cosmetic products at glassy carbon electrode [10] . Total concentration of different chlorophenols, including 4-chloro-3-methylphenol, in aqueous solution was estimated at boron-doped diamond electrode [11] The aim of this work was to develop a method for simultaneous determination of several harmful disinfectants. The measurements were performed using glassy carbon electrode immersed in Britton-Robinson buffers which acted as supporting electrolytes. The studied compounds were: triclosan, chloramine-T, 4-chloro-3-methylphenol and 2-mercaptobenzothiazole.
Experimental Procedure

Reagents
Chloramine-T hydrate (N-chloro-p-toluenesulfonamide sodium salt, 98% purity), 4-chloro-3-methylphenol (99% purity) and 2-mercaptobenzothiazole (97% purity) were obtained from Aldrich (Germany). Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol, Irgasan, ≥97% purity, HPLC grade) was obtained from Fluka (Germany).
Stock solutions of concentration 1 mg mL -1 were prepared by dissolving appropriate amount of reagent in methanol. Britton-Robinson buffers were prepared by dissolving appropriate amounts of boric acid, acetic acid and orthophosphoric acid in water and by adjusting to their desired pH with 0.2 M sodium hydroxide.
Instrumentation
All voltammetric measurements were performed with µAUTOLAB potentiostat, type III (EcoChemie, The Netherlands) in a three-electrode system. The working electrode was a 1 mm diameter glassy carbon electrode (Cypress System, USA). Saturated Ag/AgCl electrode (Cypress System, USA) was used as a reference electrode and a platinum wire was a counter electrode. The working electrode was polished in alumina slurry and cleaned in an ultrasonic bath. The counter electrode was cleaned by heating in flame to remove all organic compounds.
Procedure
Voltammetric measurements were carried out in a glass electrochemical cell in ambient temperature. 2 mL of Britton-Robinson buffer solution was introduced into the cell and the solution was purged with nitrogen for 10 min. Then, an appropriate amount of reagent standard solution was added and the measurement was carried out. Cyclic voltammetry was performed at scan rate of 100 mV s -1 in the potential range -1.4 to 1.4 V. Differential pulse voltammograms were recorded at a scan rate of 50 mV s -1 in the potential range 0 to 1.4 V or 0 to 1.2 V. The measurements were repeated three times. The working electrode was cleaned before each measurement.
Results and Discussion
Electrochemical reactions of studied disinfectants and the dependence of their oxidation and reduction potentials on pH of supporting electrolyte were examined. Measurements were performed using cyclic voltammetry. Typical cyclic voltammograms of studied compounds in Britton-Robinson buffer at pH 9.9 are shown in Fig. 1 . It can be noted that electrochemical reactions of these disinfectants are irreversible. Cyclic voltammetric studies of triclosan at glassy carbon electrode in 0.1 M phosphate buffer solution at pH 11 performed by Raghupathy et al. displayed an irreversible oxidation peak of this compound at 0.55 V as opposed to the saturated calomel electrode [9] . Knust and I. Baranowska, K. Bijak co-workers observed three irreversible reduction peaks of triclosan at glassy carbon electrode in DMF [5] . Cyclic voltammograms of 4-chloro-3-methylphenol recorded in positive potential range at glassy carbon electrode showed the oxidation peak at about 0.8 V as opposed to the saturated calomel electrode and showed no reduction peak in the potential range used [10] .
The effect of the scan rate on the peak currents was checked to decide whether the oxidation processes were diffusion-or adsorption-controlled. Cyclic voltammograms were recorded at different scan rates in the 10 -1000 mV s -1 range. The oxidation peak currents of triclosan and 4-chloro-3-methylphenol exhibited linear relationship with the square root of scan rate in the studied range. The peak currents of chloramine-T and 2-mercaptobenzothiazole were linear to the square root of scan rate in the range between 10 and 100 mV s -1 . The linearity of peak currents compared to square root of scan rate indicates that the oxidation of compounds is diffusion controlled.
The effect of pH on oxidation and reduction potentials was examined. Fig. 2 shows the plot of oxidation and reduction potentials of disinfectants versus pH of supporting electrolyte. The oxidation potential of triclosan, 4-chloro-3-methylphenol and 2-mercaptobenzothiazole decreases with the increasing pH. In a solution of pH 2.0, the reduction peak of triclosan does not appear. The effect of pH on values of oxidation potentials of disinfectants may be explained by the fact that molecular structures change depending on pH. In case of triclosan, 4-chloro-3-methylphenol and 2-mercaptobenzothiazole in higher pH, the dissociation of hydroxyl groups or thiol group occurs, leading to the presence of the corresponding anions. These anions, having the excess of electrons, are oxidized more easily than the non-dissociated molecules and as a result, values of their oxidation potentials are lower. In case of chloramine-T, which is a sodium salt of N-chloro-ptoluenesulfonamide, at lower pH, nitrogen atom may be protonated due to its negative charge. The oxidation of molecule in this form should be more difficult. However, the effect of pH on oxidation potential of chloramine-T is smaller than that for other disinfectants.
Oxidation reactions of the studied disinfectants were recorded using differential pulse voltammograms. The supporting electrolyte was BrittonRobinson buffer at pH 9.9. The value of pH was chosen to ensure good separation of the compounds. Measurements were performed in the potential range from 0 to 1.4 V. The concentrations of reagents were: 179.4 µM for 2-mercaptobenzothiazole, 103.6 µM for triclosan, 210.4 µM for 4-chloro-3-methylphenol and 131.8 µM for chloramine-T. Values of oxidation potentials of four disinfectants are presented in Table 1 . It can be seen that under these conditions there is a possibility of simultaneous measurement of some of the studied compounds.
Measurements of mixtures of some disinfectants were performed using differential pulse voltammetry in the potential range from 0 to 1.2 V. Britton-Robinson Differential pulse voltammetry in analysis of disinfectants -2-mercaptobenzothiazole, 4-chloro-3-methylphenol, triclosan, chloramine-T buffer of pH 9.9 was used as a supporting electrolyte. Voltammograms were recorded for pairs of compounds which can occur simultaneously in cosmetics, household products or disinfectant lotions. Results are shown in Fig. 3 . Triclosan and 4-chloro-3-methylphenol have similar results for the oxidation potentials They cannot be determined simultaneously, and they also do not occur together in real samples. Triclosan is mainly used as an ingredient in cosmetics, while 4-chloro-3-methylphenol is a component of disinfectant liquids.
Calibration studies were performed by the standard addition method in Britton-Robinson buffer at pH 9.9 using differential pulse voltammetry in the potential range from 0 to 1.2 V at a scan rate 50 mV s -1 . Each measurement was repeated three times with fresh the solution and working and counter electrodes were cleaned each time. Calibration graphs of studied disinfectants are described by equation y = bx + a, where "b" is the slope, "a" is the intercept, "x" is the concentration of compound in µM and "y" is the peak current in ampere. The calibration graph of triclosan, with equation Oxidation potential of studied disinfectants in BrittonRobinson buffer of pH 9.9. Measurements were performed using differential pulse voltammetry. Differential pulse voltammetry in analysis of disinfectants -2-mercaptobenzothiazole, 4-chloro-3-methylphenol, triclosan, chloramine-T y = 1.725×10
-9 x + 9.372×10 -9 (R 2 = 0.9922), is linear in the concentration range 10.4 -103.6 µM. Fig. 4 shows differential pulse voltammograms recorded for different concentrations of triclosan in Britton-Robinson buffer. The peak current of 4-chloro-3-methylphenol is proportional to its concentration over the range of 21.0 -210.4 µM and it can be described by the equation y = 1.396×10 -9
x + 7.255×10 -9 (R 2 = 0.9970). For chloramine-T, linear dependence of peak current on the concentration is maintained in the range 22.0 -131.8 µM. Its equation is y = 4.232×10
-10 x + 4.164×10 -9 (R 2 = 0.9763). In case of 2-mercaptobenzothiazole, this relationship follows the equation y = 2.337×10
-10 x + 1.942×10 -10 (R 2 = 0.9940) and it is linear in the range 29.9 -149.5 µM. The limits of detection (LOD) for the determination of studied compounds in model solution were calculated using the equation LOD = 3SD a /b, where "SD a " is the standard deviation of the intercept and "b" is the slope. The LOD values are: 7.4 µM for triclosan, 9.3 µM for 4-chloro-3-methylphenol, 21.5 µM for chloramine-T and 13.3 µM for 2-mercaptobenzothiazole. Relative standard deviation (RSD) values obtained from the corresponding calibration plots are: 10.1% for triclosan, 7.2% for 4-chloro-3-methylphenol, 12.4% for chloramine-T and 10.3% for 2-mercaptobenzothiazole.
Conclusions
A study of reactions of four disinfectants at glassy carbon electrode was made and the dependence of their oxidation and reduction potentials on the pH was examined using supporting electrolytes -BrittonRobinson buffers. This paper demonstrates that it is possible to simultaneously measure some of the studied compounds. Differential pulse voltammograms of mixtures of disinfectants in Britton-Robinson buffer at pH 9.9 were recorded. The measured pairs of compounds were: 4-chloro-3-methylphenol and chloramine-T, 2-mercaptobenzothiazole and 4-chloro-3-methylphenol, 2-mercaptobenzothiazole and triclosan. The presented study will allow develop a new voltammetric method for simultaneous determination of certain disinfectants. 
